Oxylipins, a subclass of lipid mediators, are metabolites of various polyunsaturated fatty acids with crucial functions in regulation of systemic inflammation. Elucidation of their roles in pathological conditions requires accurate quantification of their levels in biological samples. We refined an ultra-performance liquid chromatography-multiple reaction monitoring-mass spectrometry (UPLC-MRM-MS)-based workflow for comprehensive and specific quantification of 131 endogenous oxylipins in human plasma, in which we optimized LC mobile phase additives, column, and gradient conditions. We employed heatmap-assisted strategy to identify unique transitions to improve the assay selectivity and optimized solid phase extraction procedures to achieve better analyte recovery. The method was validated according to FDA guidelines. Overall, 94.4% and 95.7% of analytes at tested concentrations were within acceptable accuracy (80-120%) and precision (CV < 15%), respectively. Good linearity for most analytes was obtained with R 2 > 0.99. The method was also validated using a standard reference material-SRM 1950 frozen human plasma to demonstrate inter-lab compatibility.
Introduction
Oxylipins, a subclass of lipid mediators [1] , are originated from various polyunsaturated fatty acid (PUFA) precursors such as arachidonic acid (C20:4 n-6, AA), eicosapentaenoic acid (C20:5 n-3, EPA), and docosahexaenoic acid (C22:6 n-3, DHA), which are released by phospholipase A2 [2] from the membrane phospholipids and further metabolized by cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) as well as some non-enzymatic pathways [3] . As a result, hundreds of these mediators are released into circulation and involved in various physiological conditions [4] and pathogenesis, such as inflammation [3] , vascular diseases [5] [6] [7] [8] , metabolic syndrome [1, [9] [10] [11] , neurological diseases [12] [13] [14] , and cancers [15, 16] . Elucidation of their roles in enhancing and resolving inflammation and disease progression requires an accurate quantification of their levels in human plasma and other biofluids.
Among the methods for analyzing oxylipins, LC coupled to triple quadrupole mass spectrometry (QqQ-MS) has gained popularity in recent years because of its selectivity and sensitivity. Recent developments of UPLC technology with sub-2-μm columns have greatly improved chromatographic separation of eicosanoids and reduced analytical run time from 20~60 min [17] [18] [19] [20] to 4-12 min [21, 22] , which in turn significantly increased the analytical throughput. When coupled with scheduled multiple reaction monitoring (MRM) MS, the number of oxylipins monitored within one single LC run can reach more than 180 [21] . Given these advancements, comprehensive analysis of oxylipins still remains a challenge because of the low concentration (<nM) in the real samples, wide dynamic ranges within sample, and prevalence of structurally similar isomeric species [23] ; an example for the latter is that there are at least 14 HETEs (C 20 Differentiation of isomeric lipids mainly relies on LC separation and specific MRM transitions. LC retention time resolves some of these isomers, but oftentimes the close structural similarity makes it incapable of separating all isomeric oxylipins even with the most recent advances in UPLC separation [21] . When chromatographic separation power is limited, specificity of selected MRM transitions is critical to differentiate co-eluting isomeric lipid mediators. Wang et al. used a 5-min LC gradient to separate 184 oxylipin metabolites, including 11 HETEs and 10 HDoHEs with average retention time differences (ΔRT, RT n -RT n-1 ) of 0.059 and 0.046 min, respectively [21] . Slight RT differences are not sufficient to selectively identify these isomers, in this case some species can be considered as co-eluents, and if the MRM transitions are not unique, then the level of each isomer cannot be accurately determined. Therefore, it is critical to find the unique fragment ions as the surrogate of the particular oxylipin isomer. Considering the structural similarity between the isomers and the subsequent overlap of fragment ions, a strategy to identify selective MRM transitions for each isomer would facilitate their accurate quantification.
Another factor that affects the absolute quantification of oxylipins is extraction. Two major methods for sample cleanup, liquid-liquid extraction (LLE) and solid phase extraction (SPE), are widely used for analyzing these mediators. The LLE shows good recoveries for EETs, HETEs, and PGs; however, it exhibited lower recoveries for hydrophilic analytes such as tetranor-PGEM and leukotrienes (LTs) [20] . Various SPE materials and protocols are employed and it is inconclusive which material and protocol is the best for extracting oxylipins from biological matrices [24] .
Herein, we report a refined workflow for UPLC-MRM-MS-based quantification of 131 endogenous oxylipins with 25 deuterium-labeled stable isotope standards, which incorporates optimized sample preparation and chromatographic separation conditions, and more importantly, utilization of specific MRM transitions for unambiguous identification and accurate quantification of isomeric eicosanoids. The method was validated according to the FDA guidelines and further validated using a standard reference material human plasma, which has been used in the past for interlaboratory comparisons of lipidomics analysis between different analytical platforms [25, 26] .
Materials and methods

Chemicals and reagents
All lipid mediator and deuterated internal standards were purchased from Cayman Chemical (Ann Arbor, MI). LC-MS grade acetonitrile (ACN), methanol (MeOH), water (H 2 O), and formic acid (FA) were obtained from Fisher Scientific (Waltham, MA). The pooled plasma from healthy subjects and the standard reference material-metabolites in frozen human plasma (SRM 1950)-were purchased from Bioreclamation IVT (Baltimore, MD) and NIST (Gaithersburg, MA), respectively.
Standards and sample preparation
All of the analytical standards were prepared in the concentration of 1000 μg/ml as stock solution. The actual concentration of each species in the standard mixture (Master Mix) was adjusted according to test trial after taking consideration of previously reported analytical ranges. The deuterated internal standard mixture (Master ISTD) was prepared at concentration 10 times of its non-deuterated analogs. They are stored at − 20°C freezer until use.
Aliquots of 200 μl human plasma were mixed with 5 μl Master ISDT before loading onto 96-well SPE cartridges (30 mg, HLB, Waters, Milford, MA), which had been preconditioned with 1 ml MeOH and followed by 1 ml water. A 1.5 ml 5% MeOH was used to wash out the unbounded interferents. Elution was carried out by 1.2 ml of MeOH. The eluents were dried under stream nitrogen and reconstituted with 50 μl of 50% MeOH. SPE recoveries were used to assess the extraction efficiency by comparing pre-spike and postspike of deuterium-labeled standards.
Optimization of selective ion monitoring transitions
All the analytical standards were diluted in MeOH at the final concentration of 10 μg/ml for direct infusion. Surrogate transitions for oxylipins were optimized by using TSQ Quantiva Tune 2.1 (Thermo Fisher Scientific, Haverhill, MA) via direct infusion of individual standard solution with a syringe pump at flow rate of 10 μl/min. Top 6 fragment ions were selected to optimize the collision energy. The following parameters were set for the mass spectrometer: 10 Arb, 2 Arb, 0 Arb, 275°C and 250°C for sheath gas, aux gas, sweep gas, ion transfer tube, and vaporizer temperature, respectively. The ion source was operated using heated ESI with ion spray voltage set at 2500 V in negative ion mode. MS/MS spectra were exported from MS raw files for heatmap analysis.
LC-MS analysis
A Vanquish UHPLC coupled with a Quantiva triple quadrupole mass spectrometer (Thermo Fisher Scientific, Haverhill, MA) was used for LC-MS analysis. A HSS T3 column (100 × 2.1 mm, 1.8 μm, Waters, Milford, MA) with T3 VanGuard pre-column (5 × 2.1 mm, 1.8 μm, Waters) was employed for separation of analytes. The column was thermostated at 40°C.
The mobile phase was composed of solvent A (0.1% FA in H 2 O) and solvent B (0.1% FA in ACN). Gradient elution was used for 12 min at a flow rate of 0.3 ml/min. The gradient conditions were as follows: 0-0.5 min, 30%B; 0.5-1.0 min, 40%B; 1.0-2.5 min, 40%B; 2.5-4.5 min, 70%B; 4.5-6.5 min, 70%B; 6.5-9.0 min, 95%B; 9.0-12.0 min, 95%B. A 1.5-min equilibrium was used before the next injection. A 10-μl aliquot of each sample was injected onto column for analysis.
The following parameters were set for the mass spectrometer: 45 Arb, 13 Arb, 1 Arb, 350°C and 350°C for sheath gas, aux gas, sweep gas, ion transfer tube, and vaporizer temperature, respectively. The ion source was operated using heated ESI with ion spray voltage set at 2500 V in negative ion mode. Scheduled MRM was employed for analysis of all analytes and internal standards. The optimized SRM transitions and their respective collision energies were listed in Table 1 .
Method validation
The validation procedures per the FDA draft guidelines on validation of bioanalytical methods were appropriately followed in this study [27] . The assay linearity, lower limit of quantification (LLOQ), lower limit of detection (LLOD), precision, and accuracy were measured accordingly.
A serial dilution from the original stock was prepared to make the calibration curve. A total of 12 times serial dilution of highest point (Master Mix) with ISTD working solution was performed to construct the calibration curve and test the sensitivity. The LLOQ is generally defined as the lowest concentration of the standard curve that (i) can be measured with acceptable accuracy (± 20%) and precision (< 20%) or (ii) signal to noise ratio (S/N) is greater than 10. The LLOD is defined as an S/N ratio that is greater than 3.
The precisions and accuracies were evaluated with QC standards at low (LQC), middle (MQC), and high (HQC) concentrations covering analytical ranges. Precisions were expressed as percent coefficient of variance (CV%) and calculated as dividing standard deviations by the means. Accuracies were denoted as trueness and calculated as observed values divided by expected values.
Data analysis
For selection of unique MRM transitions, MS spectra obtained from direct infusion ESI of isomeric lipids were averaged and exported into Microsoft Excel and normalized to the base peak. The normalized spectra of fragment ions from each isomer were combined into a single data matrix with respective LC retention time (RT) of each isomer. RT sorting was performed using Excel, and heatmap analyses of the resulting data matrix were performed with R language (version 3.3.1) and pheatmap package (1.0.8), which is available from https:// cran.r-project.org/web/packages/pheatmap/.
LC-MRM-MS datasets were processed with TraceFinder 4.1, and the auto-integrated peaks were inspected manually. The calibration curve of each analyte was constructed by normalizing to the selected ISTD followed by linear regression with 1/x weighting.
For comparing the measured concentrations of oxylipins in SRM1950 with values reported by other laboratories, measured values were converted to nanomole per milliliter prior to importing into LipidQC software [28] .
Result and discussion
Optimization of LC-MS condition
Mobile phase additives could affect ionization efficiency [29] . In order to obtain the optimal ionization efficiency, various mobile phase additives such as acetic acid (HOAc) [21, 30] , formic acid [31] , and ammonium formate (AF) [20] Most lipid mediator-related studies employ C18-based columns to perform the separation; however, C30 column also showed great potential in separation of lipid molecular species [32, 33] and could be used as an alternative for analyzing oxylipins. We compared the chromatographic performances of core-shell C30 and HSS T3 C18 column. Overall, both columns were comparable in terms of elution order, peak shape, and peak capacity for separation of these mediators, C18 column provided higher efficient separation with less retention for hydrophobic analytes and more retention for hydrophilic analytes. As a result, HSS T3 column was chosen as our analytical column.
To obtain better peak resolution, we further optimized the LC gradient. A linear gradient (0-10 min, 30-95%B) was used which resulted in two crowded chromatographic regions, 2-4 min and 5-7 min, as shown in Fig. S2A (see ESM). Slight adjustment of gradients can reduce the density of peaks to spread the peaks more evenly across the retention time window (ESM Fig. S2B-D) . Finally, applying a four-stage gradient successfully separated all analytes with the least co-eluted species. The TIC overlay of all the mediators at HQC standard concentration using optimized LC gradient is shown in Fig. 1 . The obtained retention times were used to construct the scheduled MRM method as listed in Table 1 .
Necessity of selecting unique transitions
Although some isomers can be easily resolved by the reversed-phase LC, certain isomers share similar physicochemical properties and form poorly resolved critical pairs [34] in terms of chromatographic separation. Selectivity of MRM transitions is crucial to distinguish these co-eluents. We focused on the selectivity of these critical pairs and employed different MRM transitions reported by others to examine the selectivity. Two critical pairs derived from AA, including HETEs (19-HETE and 20-HETE) and EETs (11,12-EET and 8,9-EET) were chosen to demonstrate the importance of selecting appropriate transitions (Fig. 2) . Table 1 were included [20] . However, the water-loss fragment is not unique among all HETE species. If the LC separation power was sufficient to separate isomers, non-unique fragment ions would not be a problem in terms of differentiating isomers. Unfortunately, even when we used a 12-min LC gradient, the 19-HETE cannot be fully resolved from 20-HETE. For this critical pair, we found that fragments m/z 231 (black, Fig. 2a ) and m/z 245 (green, Fig. 2a ) employed by Wang et al. [21] were more selective to 19-HETE and 20-HETE, respectively, compared to the water-loss fragment, m/z 301 (red, Fig. 2a) , which was common in both HETEs. Even though fragment ion m/z 301 was more intensive than other fragments, poor selectivity prevented it from separating 19-HETE and 20-HETE in the mixture (bottom, Fig. 2a) . The EET pair displayed a slight difference in retention time (ΔRT = 0.1) and the reported fragment ion m/z 167 [20] (red, Fig. 2b ) can be found in both 8,9-EET and 11,12-EET.
The poor selectivity issue is not limited to oxylipins derived from AA, those derived from DHA, such as 14-HDoHE and 10-HDoHE also exhibited identical retention on LC. The fragment ion m/z 161 has been used as specific transition for 14-HDoHE in a previous study [31] ; however, we noticed it can be generated by 10-HDoHE as well. Besides, previous study employed fragment ion m/z 281([M-H-H 2 O-CO 2 ]-) to represent 17-HDoHE [30] , yet, this water and CO 2 loss is common for all HDoHEs. Given this, good quantitation of 17-HDoHE would not be possible if there was not enough LC resolving power.
Collectively, these evidences demonstrate that some common fragment ions cannot provide enough selectivity to differentiate isomeric lipid mediators. For an unbiased quantification, therefore, it is necessary to take into consideration the fragmentation spectra of neighboring eluting isomers when selecting appropriate MRM transitions. 
Strategy for selecting unique transitions
Our strategy to select unique transitions for isomers is illustrated in Fig. 3 . We averaged the spectra collected under various collision energies during direct infusion-based optimization of collisional energies. The obtained spectra were then normalized to the base peak of the spectrum and imported to a data matrix. The resulting matrix was then sorted by the chromatographic retention times of each isomer, which was obtained by running each isomeric compound individually using LC-MS. On the basis of the chromatographic resolution and peak width, we can define the minimum difference of retention time (ΔRT). Within an acceptable ΔRT, for example, of 0.15 min, the critical pairs were grouped together. A heatmap was then generated and employed to find out the unique fragment ions to the isomer among a large array of ions. If the isomers were separated very well (ΔRT > > 0.15) and there was no co-elution, the same fragment ions can still be used for identification of each isomer.
We took 15 HETEs/EETs (C 20 H 32 O 3 ) as an example to demonstrate the process of selecting optimal MRM transitions for series of oxylipin isomers. The average product ion spectra from the same precursor ion (m/z 319) of each of the 15 HETEs/EETs were obtained in the negative ion mode and normalized to the base peak. The isomers were sorted based on their respective LC retention time in ascending order and denoted as BRT1, RT2…..RT14, RT15.^Even after we optimized the LC gradient to obtain the maximum peak capacity in LC separation, there were still a large number of analytes with ΔRT < 0.15 min and therefore co-eluted. Figure 4a showed the heatmap of those normalized spectra. The ΔRT of isomers less than 0.15 min were grouped together with the same color. Among all the isomers studied, five critical pairs were found and m/z 301 ([M-H-H 2 O]-), m/z 275 ([M-H-CO 2 ]-), and m/z 257 ([M-H-H 2 O-CO 2 ]-) were the common fragment ions. These common product ions were not suitable to be selected as specific MRM transitions for these critical pairs even though they usually were the most abundant among fragment ions. Consequently, we excluded these common ions and looked for unique fragments to each isomer within each critical pair. For example, 16-HETE, 17-HETE, and 18-HETE did not resolve well with a ΔRT of 0.07 min. Yet, through the heatmap analysis, we could easily identify m/z 233 (break between C-15 and C-16), m/z 247 (break between C-16 and C-17), and m/z 261 (break between C-17 and C-18) as unique fragment ion for 16-HETE, 17-HETE, and 18 HETE, respectively (Fig. 4b) . Alternatively, Willenberg et al. mentioned product ion spectra of 9-HETE and 12-HETE were similar and these two compounds must be separated chromatographically for their identification [23] . Yet, we were able to identify unique fragment m/z 135 (break at C11-12 and loss of CO 2 ) [35] and m/z 151 for 12-HETE and 9-HETE, respectively, from the heatmap. The optimal transitions and the retention times for each of the 15 HETEs/EETs are listed in Table 1 
Accuracies of selected MRM transitions in quantification of isomeric critical pairs
To demonstrate the accuracies of selected transitions for analysis of critical pairs, we spiked three critical pairs at various ratios in both neat standard solution and human plasma. Physiologically, the concentrations between critical pairs might vary up to tenfold [30] . Therefore, the ratios used in the accuracy test were 1:1 (20/20 ng, R1), 1:10 (20/200 ng, R2), and 10:1 (200/20 ng, R3). Figure 5 displays the chromatograms for the critical pair 20-HETE/ 19-HETE at various ratios. We noticed that the peak areas of critical pairs were not equal at the ratio of 1:1 since they have different sensitivity. Herein, the accuracies were determined by comparing the peak area ratios at R1/R2 and R3/R1 between theoretical values (TV = 10) and observed values. Table 2 lists the accuracies for the tested pairs of HETEs. The values for the tested pairs in neat solution and human plasma ranged from 90.0 to 118.0% suggested the transitions selected using the proposed strategy were reliable and accurate. By using this strategy, MRM transitions for 140 analytes and 25 ISTD were optimized and are listed in Table 1 . 
Optimization of sample preparation procedures for better analyte recovery
Previous studies employed various strategies to clean up samples. One of the most used approaches was solid phase extraction. We briefly compared different SPE cartridges on the recoveries of spiked ISTD in plasma. As shown in Fig. S3A (see ESM), Waters HLB provided higher recoveries compared to Biotage isolute C18. In addition, we examined factors that might affect recoveries such as solvents used for elution and temperature for sample drying. We found that high temperature (40°C) might decompose the cysteinyl leukotrienes (i.e., LTC 4 and LTE 4 ) in the drying process as shown in Fig. S3B (see ESM) which is consistent with previous work [36] . Although ethyl acetate (EA) had been used as eluting solvent in previous reports [17, 30] , we noticed that EA caused poor responses of cysteinyl leukotrienes as well which might be due to decomposition of the thiol group. Although others have demonstrated that using EA as eluting solvent can provide better recoveries for deuterium-labeled mediators than MeOH with the same SPE cartridge [26] , they did not consider cysteinyl leukotrienes. Given that EA could cause breakdown of cysteinyl leukotrienes, we chose MeOH as eluting solvent. The effect of eluting volume was also examined and there were no significant changes from 1000 to 2000 μl of eluent (ESM Fig. S3C ). In the end, we selected Waters HLB column to perform sample cleanup and oxylipins were eluted with 1200 μl MeOH following dryness at room temperature. The SPE recoveries were calculated as peak area of pre-spiked ISTD divided by peak area of post-spiked ISTD. Figure 6 displays the overall recoveries of SPE under optimized sample preparation conditions. Seventy percent of ISTD were within 80-120% while 7 species were at 65-80%, which was comparable to previous studies [21, 26, 30] .
Method validation
The developed method was validated and the validation results including linearity, sensitivity, precision, and accuracy are listed in Table 3 . A total of 131 oxylipins were validated. 94.4% and 95.7% of analytes at tested concentrations were within acceptable accuracy (80-120%) and precision (CV < 15%), respectively. The best-fit line of the calibration curve for each analyte was obtained by using a weighting factor of 1/x. Good linearity for most analytes was obtained with R 2 > 0.99. LLOQs are listed in Table 3 as well. The sensitivities of the present method on detecting oxylipins are comparable to other studies [21] .
Lipid mediator levels in human plasma
The developed method was applied to analyze two sources of human plasma, standard reference material metabolites in frozen human plasma (SRM 1950) from NIST and healthy donor plasma from Bioreclamation IVT (BR). A total of 77 and 32 oxylipins can be detected in BR and SRM 1950 plasma, respectively, and they are listed in Table 4 . Although both samples were from healthy individuals, large variations in the concentration of oxylipins were observed, which is in agreement with previous work [37] . SRM 1950 has been employed in an interlaboratory comparison study for lipid profiling, and we compared our results to the concentrations of oxylipins reported by Bowden et al. [25] using LipidQC software [28] . A total of 11 mediators in our result were matched by LipidQC and 10 of them were within 99% expanded uncertainty as shown in Fig. S4 (see ESM) , which suggests that our results were consistent with the NIST-ILCE summary report [25] .
Conclusion
The MRM transitions can be easily obtained from mass spectrometry vendor's software such as Compound Optimizer from Agilent or Optimization in TSQ Tune from Thermo via either direct infusion with a syringe pump or flow injection with an autosampler. These tools provide great convenience for researchers to effectively acquire dominant fragment ions at optimal collisional energies for individual compound; however, they are not designed to determine unique fragments to distinguish isomeric compounds. Biased interpretation of lipid Herein, we proposed a heatmap-assisted strategy to effectively select the unique fragment ions as specific MRM transitions to a large number of isomers. This greatly facilitated our development of an unbiased and reliable MRM-based LC-MS method to determine the concentrations of oxylipins in human plasma, which monitors 131 endogenous oxylipins and 25 deuterium-labeled internal standards in a single LC run. While the selection of MRM transitions is based on unique fragment ions and Although most oxylipins are highly expressed under inflammatory conditions, and it is reported by others and also demonstrated in this work that oxylipin levels have high inter individual variation, it is still worthwhile to Funding information This work was partially supported by the American Heart Association (Grant 17CSA33570025) and the National Institute of Diabetes and Digestive and Kidney Diseases of the National Institutes of Health (Grant R01 DK116731).
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